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Abstract
Techno-economic performance of post-combustion CO2 capture from industrial Natural Gas Combined Cycle (NGCC) -
Combined Heat and Power plants (CHPs) of scales from 50MWe to 200MWe were compared with large-scale (400MWe) NGCC
for short-term (2010) future. Four components were included in the system boundaries: NGCC, CO2 capture, compression, and
branch CO2 pipeline. Effects of plant scale, operational conditions, part-load efficiency and costs of system components were
investigated.
The results show that CO2 capture energy requirement for industrial NGCC-CHPs may be up to 16%. lower than for 400 MWe
NGCCs. Load increase to meet CO2 capture energy requirement also increases the plant efficiency and consequently offsets part
of CO2 capture energy requirement. CO2 avoidance cost of below 45 €/tCO2 may be feasible.
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1. Introduction
CHP is one of the most common options for decentralised electricity generation. Because CHP is more efficient
than the separate generation of electricity and heat, deployment of decentralised CHPs leads to lower energy
consumption and therefore lower CO2 emissions. Most OECD countries have introduced policies to encourage
decentralised CHPs in the recent years (COGEN EUROPE, 2001). Nevertheless, if society becomes further
constrained with GHG emissions, even decentralised CHPs may have to consider advanced technologies to reduce
GHG emissions, especially CCS.
CCS from industrial CHPs, often natural gas powered, at a first sight, seems unattractive: industrial CHPs are
often smaller in scale compared with centralised power plants and industries usually require higher return rates on
investment costs than utilities do. There are, however, potential advantages for capturing CO2 from industrial CHPs.
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First, industrial CHPs generally operate more than 8000 h/year because of continuous process steam demands. This
is much longer than natural gas power plants, which are often operated for peak load and have operation time of
4000 – 5000 h/year. Second, CO2 capture energy requirements for industrial CHPs may be lower than for centralised
power plants. If industrial CHPs are operated at part-load conditions, then the energy requirements for CO2 capture
can be fully or partly met by increasing the load. The increase in fuel due to CO2 capture would improve the plant
efficiency and consequently, part of the additional energy consumption due to the CO2 capture would be offset. If
these advantages would outweigh the aforementioned disadvantages, then industrial CHPs may become an attractive
option for CCS.
This study investigated the techno-economic feasibility of post-combustion CO2 capture from industrial NGCC-
CHP of scales between 50 MWe and 200 MWe 2. The main objective of this study was twofold. First, to quantify
CO2 avoidance costs for industrial NGCC-CHP of various scales in the short-term (2010). Second, to compare this
system with post-combustion CO2 capture with a centralised large-scale NGCC plant. The results would provide
insights into the feasibility of CO2 capture from small – medium scale decentralized energy conversion systems,
which had been fairly overlooked to date.
2. Methodology and Assumptions
2.1. System description and general assumptions
A simplified NGCC-CHP system with CO2 capture and the system boundaries are depicted in Figure 1. The
system has the following as the main components: NGCC-CHP, post-combustion CO2 capture using chemical
solvents, CO2 compression, and branch pipeline CO2 transport. This study assumes that a large-scale trunk pipeline
network is available to transport CO2 to storage sites. Such a pipeline network, however, is outside the system
boundaries. We assumed that in case industrial NGCC-CHP cannot supply sufficient steam for CO2 capture solvent
regeneration, a supplementary boiler is used for additional steam generation. All economic costs presented in this
study are expressed in 2007 Euros.
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Figure 1 Boundaries of the NGCC-CHP system with CO2 capture as applied in this study
2 Hereafter the industrial NGCC-CHP scales are expressed in terms of maximum power generation capacity under power-only production mode
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2.2. Operational conditions considered in this study
Industrial CHPs are mostly operated at part-load conditions and the load rate largely differs from plant to plant.
We therefore considered three different fuel input rates in this study (
Table 1). Heat efficiency for NGCC-CHP without CO2 capture is assumed 25%.
Table 1 Operational cases for industrial NGCC-CHP plants without CO2 capture investigated in this study
2.3. System component performance data
NGCC efficiency
We derived an up-to-date curve for the relation between plant scale and electrical efficiency from the Gas
Turbine World (GTW) Handbook 2007-2008 (GTW, 2007), using the approach of Rodrigues et al. (2003). The
derived regression curve is as follows (Eq.(1)):
0.0619 2
, -
0.384 (R = 0.69)NGCC full load Xη = ∗ (1)
where ȘNGCC,full-load is the full load electrical efficiency of the NGCC and X the NGCC plant power capacity
(MWe).
The curve is used to calculate full load electrical efficiencies of NGCC for various scales. In order to calculate
the part-load efficiency of an NGCC, a number of assumptions were made. First, gas turbine is assumed to generate
two-thirds of the NGCC electricity at full load. This assumption agrees with the general trend of gas turbine/steam
turbine power output ratios derived from the data in GTW Handbook 2007-2008 (GTW, 2007). Second, part-load
gas turbine efficiency was derived using the formula suggested by Vuorinen (2007) for the approximation of part-
load gas turbine efficiency. Third, the steam turbine efficiency is assumed constant for the fuel input rates
considered in this study. The part-load NGCC efficiency can therefore be described as Eq.(2):
fuel
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c
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where Rfuel is the fuel input rate (0.6 Rfuel1) and c is the correction constant for gas turbine (0.2). The derived
part-load efficiencies lie within the range found in literature (KEMA, 2006; Naqvi et al., 2007; Siemens Power
Corporation, 2008). The part-load efficiencies based on our assumptions are within the range found in literature
(KEMA, 2006; Naqvi et al., 2007; Siemens Power Corporation, 2008).
Process steam production
Process steam is extracted from the steam turbine of the NGCC-CHP. Process steam properties largely differ
depending on processes. In this study, we assumed that NGCC-CHPs produce dry, saturated steam of 11.4 bar
(absolute) at 186˚C. This figure agrees with values used in a case study on CHP in the Brazilian chemical industry
(Szklo et al., 2004) and various industrial CHPs in the US (EIA/DOE, 2000). The reduction in electricity production
due to steam extraction from the steam turbine (ȖRH) is assumed to be 0.28Je/Jth for a NGCC with 58% electrical
efficiency (Bolland and Undrum, 2003). ȖRH is assumed proportional to the steam turbine efficiency of the plant. As
steam turbine efficiency is one-third of the full load combined cycle efficiency and is constant for all fuel input rates
considered in this study, ȖRH can also be described as proportional to the full load combined cycle efficiency.
Fuel input rate
No CO2 capture for boiler flue gas
60% 75% 90%
Heat efficiency 25% 1A 1B 1C
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Economic costs of NGCC-CHP
A general function describing total equipment cost per kWe installed as a function of the NGCC capacity has
been derived from GTW Handbook 2007-2008 (GTW, 2007), using the approach of Rodrigues et al. (2003). The
derived regression curve is given as Eq. (3):
718 1.1
=
1 0.0052NGCC
XC
X
+
+
(R2 = 0.97) (3)
where CNGCC is the total NGCC equipment cost per kWe installed (€/kWe). We used this trend line to estimate
current capital costs for NGCC, both with and without CHP, for different scales. Total capital requirement (TCR)
for equipment is calculated using the factors presented in Peeters et al. (2007). Total O&M cost for industrial
NGCC-CHPs was assumed to be 4% of TCR.
2.4. Post-combustion CO2 capture
This study considers the application of chemical absorption based post-combustion CO2 capture technology for
CO2 capture. At present, chemical absorption using amines such as MEA is regarded as the most preferred
technology for NGCC because of the low partial pressure of CO2 in flue gases (e.g. Damen et al., 2006). It is also
considered to be the most mature with least operational challenges among other CO2 capture technologies
(Kvamsdal et al., 2006). This technology is therefore a favourable option for the short timeframe considered in this
study.
NGCC-CHP output limitations
Industrial NGCC-CHPs are assumed to supply steam for CO2 capture solvent regeneration by increasing the fuel
input and/or compromising the electrical output. For the efficiency calculations, we assumed that the HPR of an
NGCC-CHP will not exceed 1.5 and the overall CHP efficiency will not exceed 90% (Bolland, 1993). In case
regeneration heat requirement is not met, additional steam is generated by a boiler at 90% efficiency.
Technical parameters on CO2 capture and their values for the short-term future are given in Table 2. The
reduction of electricity production per unit process steam extraction (Ȗps) is also assumed proportional to the steam
turbine efficiency of the plant. Since steam turbine efficiency is one-third of the full load combined cycle efficiency
and is constant for all fuel input rates considered in this study, Ȗps can also be described as proportional to the full
load combined cycle efficiency. The ratio of electricity production reduction from regeneration heat extraction is
assumed to be proportional to the maximum electrical capacity of a plant.
Table 2 Technical parameters for post-combustion CO2 capture from 400 MWe NGCC (58% efficiency) used in this study (based on: Peeters et
al., 2007)
Short-term (2010)
CO2 capture efficiency (%) 90
Heat for regeneration (GJ/tCO2 captured) 4.4
Required heat temperature (˚C) 130
Equivalent electrical penalty (kWe/kWth) 0.203
Electricity for absorption (GJ/tCO2 captured) 0.21
Electricity consumption for compression to 110 bar (GJ/tCO2 captured) 0.4
CO2 capture, compression and transport capital costs and effects of scale
We assumed that the maximum capacity of a single CO2 capture process train that would be installed today is
1500 tCO2/day. A scaling factor of 0.7 was assumed for capacities smaller than the maximum process train capacity.
For equipment comprising the CO2 capture process train of 1500 tCO2/day, costs are estimated using the original
spreadsheet of Peeters et al. (2007). For CO2 compressors, cost data are extracted from Kreutz et al. (2004) and a
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scaling factor of 0.7 is used. Calculation of TCR from equipment costs is based on Peeters et al. (2007). All cost
figures on CO2 capture and compression are adjusted by a factor derived from Chemical Engineering Plant Cost
Index (Chemical Engineering, 2008) in order to take into account the recent increases in material and manufacturing
costs. This value agrees with the price increase observed for the NGCC equipment in recent years (GTW, 2007). We
used IEA GHG PH4/6 model (IEA GHG, 2002) for performing the branch pipeline cost calculations.
2.5. Technical and economic parameters used for the study
Table 3 shows additional parameters used in this study. Natural gas price is assumed constant (7.5 €/GJ) over the
timeframe considered in this study.
Table 3 Parameter values used in this study
Parameter Value(s) Parameter Value(s)
Technical parameters Real interest rate: NGCC-CHP 15%
Emission factor: Natural gas (kgCO2/GJ) 56 Real interest rate: NGCC 10%
Annual operation time: NGCC-CHP (h/year) 8000 O&M cost: CO2 pipeline (% - capital cost) 2%
Annual operation time: centralised NGCC (h/year) 6500 - 8500 O&M cost: other investments (% - capital cost) 4%
Distance between CHP site and CO2 trunk pipeline (km) 30 Grid electricity carbon factor (tCO2/MWh) 0.5
Economic parameters Electricity price (large industrial consumer,
€/MWh) 90
Plant lifetime: NGCC-CHP (years) 20 Natural gas price (incl. tax, €/GJ) 7.5
Plant lifetime: NGCC (years) 30
2.6. Performance indicators
Technical indicators
Electrical efficiency of an industrial NGCC-CHP with and without CO2 capture is calculated as follows (Eq.
(4)):
, ,fuel fuel
el,X, full -load
el,CHP,X R el,NGCC,X R th,PS PS th,RH RH
el,ref
ȘȘ Ș (Ș Ȗ Ș Ȗ ) Ș= − ∗ − ∗ ∗
(4)
where Șel,CHP,X,Rfuel is the electrical efficiency of X MWe NGCC-CHP at fuel input rate of Rfuel, Șel,NGCC,X,Rfuel is the
electrical efficiency of X MWe NGCC with CO2 capture (%)at fuel input rate of Rfuel, Ș th,PS is the process steam
output efficiency (%), Ș th,RH is the regeneration heat output efficiency (%) for CO2 capture case, Ș el,X,full-load is the
electrical efficiency of X MWe NGCC at full load (%) and Șel,ref is the electrical efficiency of a 400 MWe NGCC
(58%).
In this study we compared the technical performance of CO2 capture between industrial NGCC-CHPs and the
reference NGCC based on the extra fuel consumption rate (Rx). Rx for industrial NGCC-CHPs for CO2 capture is
calculated as:
,
-CHPCC CHP B el cent
x
CHP
F F F E
R
F
η+ + Δ
=
(5)
where Fx is the extra energy consumption for CO2 capture, FCHPCC is the fuel input to the NGCC-CHP with CO2
capture, FCHP is the fuel input to the NGCC-CHP without CO2 capture, FB is the fuel input to the boiler, ǻE
corresponds to the amount of electricity production loss and Șel,cent is the average electrical efficiency for centralised
power plants (45%).
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Economic indicator
There are several indicators to estimate the cost performance of CO2 capture. In case of power plants, commonly
used economic indicators are cost of electricity (COE) and CO2 avoidance cost. For the case of CHP, however, COE
largely depends on how costs are allocated to the produced electricity and heat. We therefore use CO2 avoidance
cost as the economic indicator for post-combustion CO2 capture for industrial NGCC-CHPs. The CO2 avoidance
cost is calculated as follows:
2
, & ,* ( - ) ( )CHPCC CHP e pen O M CC
CO
av
I I C C
C
Em
α + +
=
(6)
where CCO2 is CO2 avoidance cost (€/tCO2), α the annuity factor, ICHPCC is the initial investment for NGCC-CHP
with CO2 capture (incl. transport to the trunk pipeline) (€), ICHP is the initial investment for NGCC-CHP (€), Ce,pen is
the electricity sales loss due to energy penalty of CO2 capture (€), CO&M,CC is the additional operation and
maintenance (O&M) costs for the CO2 capture system (€) and Emav is the annual CO2 emissions avoided (tCO2).
3. Results
3.1. Technical performance
Table 4 shows the technical performance of industrial NGCC-CHP with CO2 capture in the short-term future
(2010), alongside with the performance of the reference 400 MWe NGCC. CO2 capture energy requirements are met
by simply increasing the fuel input, with an exception of case 1C for all plant scales where electricity production
shortages are seen. This is because the unused capacity of an NGCC-CHP is insufficient to meet the energy
demands for CO2 capture.
The results show significantly lower CO2 capture energy penalty for industrial NGCC-CHPs than for the
reference 400 MWe NGCC. Rx values are 10% - 16% lower than for the reference NGCC, with lower values for
larger scale plants. For the operational case 1C, the losses in electricity production results in 0.5 – 0.7% - points
increase in Rx.
Table 4 Technical performance of studied NGCC-CHP with post-combustion CO2 capture in the short-term future (2010) for low HPR operations
(operation cases 1A, 1B and 1C). Figures in italic represent the limiting factors for meeting CO2 capture energy demands.
Maximum power capacity (MWe) 200 Reference400MWe
Operation case 1A 1B 1C
Without CO2 capture
Fuel input to CHP (MW) 224 280 336 718
Electrical efficiency 41% 44% 46% 55.7%
Total CHP efficiency 66% 69% 71% ---
HPR 0.61 0.57 0.54 ---
With CO2 capture
Fuel input to CHP (MW) 254 318 375 718
Fuel input rate 68% 85% 100% 100%
Heat efficiency 44% 44% 45% ---
Electrical efficiency 39% 42% 43% 48.1%
Total CHP efficiency 84% 86% 88%
Electricity production shortage (MWe) 0 0 3.8 ---
Regeneration heat shortage (MWth) 0 ---
No CO2 capture from boiler flue gasRx CO2 capture from boiler flue gas
13.1% 13.1% 13.6% 15.8%
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3.2. Economic performance
The economic performance of CO2 capture for industrial NGCC-CHPs is presented in Figure 2. The gray band
shows the CO2 avoidance cost range for the reference 400MWe NGCC with operation times between 6500 h/year
(50 €/tCO2) and 8500 h/year (45 €/tCO2). The figure clearly shows that CO2 capture at 200 MWe can economically
compete with CO2 capture from the reference 400MWe NGCC. The figure also shows that industrial NGCC-CHPs
operating at fuel input rates above 90% may not be suitable for CO2 capture, as the losses in electricity production
becomes larger and the consequent economic losses may be significant.
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Figure 2 Breakdown of CO2 avoidance costs for industrial NGCC-CHPs in the short-term future (2010). The gray band shows the CO2 avoidance
cost range for the reference 400MWe NGCC with annual operation hours between 5000 h/year (50 €/tCO2) and 8000 h/year (45 €/tCO2).
4. Conclusions
This study investigated the future prospects for post-combustion CO2 capture from small-medium scale industrial
NGCC-CHPs. This is the first study in the CCS research that quantified the potential benefits of making better use
of industrial CHPs at part-load operations for the purpose of CO2 capture. The results have shown that the efficiency
improvement by the better use of CHP capacity for meeting CO2 capture energy demands and the long operation
time can potentially overweigh the disadvantage of higher capital costs. The results indicate a considerable
economic potential for CO2 capture from industrial NGCC-CHPs in a carbon-constrained society.
Our study, however, is based on a number of generalised relationships between the plant scale and technical and
economic performances of NGCC-CHP and CO2 capture systems. In reality, industrial NGCC-CHPs are “tailor-
made” for each industrial plant to meet plant-specific demands and conditions. The obtained results therefore only
provide general indications about the techno-economic competitiveness of post-combustion CO2 capture for medium
scale industrial NGCC-CHPs.
Although only a limited number of results were presented in this article, further research is being performed.
Such research includes assessments of the influence of HPR and the future technological development on the
economic performance of the post-combustion CO2 capture from industrial NGCC-CHPs.
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